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INRUSH CONTROL WITH MULTIPLE
SWITCHES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation application of U.S.
application Ser. No. 14/300,999, entitled “INRUSH CON-

TROL WITH MULTIPLE SWITCHES,” filed on Jun. 10,
2014, now 1ssued U.S. Pat. No. 10,003,190, which 1s a
nonprovisional application of U.S. Provisional Application
Ser. No. 61/845,491, entitled “INRUSH CONTROL WITH
MULTIPLE SWITCHES,” filed on Jul. 12, 2013, the

entirety of each of which is incorporated herein by reference.

TECHNICAL FIELD

This disclosure generally relates to circuits for limiting
inrush currents and fault currents 1n electrical systems. In
particular, the disclosure presents ways to operate multiple
switches 1n parallel to limit inrush currents and fault currents
in high power systems.

BACKGROUND

A hot-swap circuit applies power from an nput source to
a load 1n a controlled and protected fashion. One function of
such a controller 1s to limit inrush currents from the power
source to the load, especially load capacitance, when power
1s first applied or if the power source voltage suddenly
increases. Another function 1s to limit current if the load
attempts to draw too much current, for example if there 1s a
short circuit 1n the load.

FIG. 1 shows a conventional hot-swap circuit that uses a
single MOSFET 100 (Q1) in series with a current sense
resistor 102 (RS1) along with control circuitry for limiting,
current. Numerous such circuits are commercially available.
When limiting current, a current limit amplifier 104 adjusts
the MOSFET gate to source voltage in order to limit the
voltage across the current sense resistor 102 and thus the
current through the MOSFET 100. The current limit ampli-
fier 104 compares a voltage representing the current in the
current sense resistor 102 with a voltage VLIMIT produced
by a voltage source 106 to control the gate of the MOSFET
100 so as to reduce the output current when the sensed
current exceeds a maximum value established by the voltage
VLIMIT. A current source 108 1s provided for pulling up the
gate voltage. A transistor 110 1s provided for turning the hot
swap circuit on or ofl.

During this time, the voltage and current through the
MOSFET 100 can both be large, resulting in high power
dissipation 1n the MOSFET 100. If this power dissipation
persists, the MOSFET 100 can reach temperatures that cause
damage. MOSFET manufacturers present the safe limits on
MOSFET voltage, current and time, as a curve referred to as
Safe Operating Area (SOA). Commonly, a timer circuit 112
sets a maximum time the MOSFET will operate 1n current
limit. The timer circuit 112 1s coupled to the status pin of the
current limit amplifier 104 to detect the time moment when
the current limit amplifier 104 begins limiting the current.
When the delay period set by the tinier circuit 112 expires,
the MOSFET 100 1s turned ofl to protect 1t from overheating.
The load will lose power and the hot swap controller will
indicate that a fault has occurred.

Often high power hot-swap applications need to charge
large bypass capacitors 126 (C;) across the load. To reduce

stress on the MOSFET 100, the load may be kept off until
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the bypass capacitors 126 are charged. A small charging
current for the capacitance keeps the power 1n the MOSFET
100 low enough to prevent a dangerous rise 1 temperature.
One method to reduce the charging current uses a capacitor
125 coupled between the MOSFET gate and ground to limit
the voltage slew rate of the gate pin. The gate voltage 1s
pulled up by a current from the current source 108 com-
monly 1n the range of 10-50 pA. The MOSFET 100 acts as
a source follower while charging the load capacitance.
Another method uses the current limit amplifier 104 to set
the current charging the load capacitance. Either method can
lower the inrush current such that the startup period stays
within the SOA of the MOSFET 100. When the charging 1s
fimished, the hot-swap controller can provide an output
indicating the power path 1s on (PATH_ON) to show that tull
current 1s available to the load. The on-state of a switch can
be determined by monitoring 1ts control signal. For the
MOSFET switch 100, for example, this can be done with a

hysteresis comparator 118 comparing the gate to source
voltage of the MOSFET 100 with a threshold voltage

produced by a voltage source 116 well above the MOSFET
threshold voltage, for example, at 4.5 V.

The hot swap switch 1tself has resistance which 1s a source
of power loss 1n the system. In MOSFET switches, this
resistance 1s referred to as on-resistance. High power sys-
tems with large load currents have a significant power loss
due to this on-resistance. Often, as illustrated in FIG. 2,
conventional high current hot-swap circuits use several

MOSFETs 200, 203 (Q1 and Q2) arranged in parallel to

achieve a low on-resistance that 1s unavailable using a single
MOSFET. The hot swap circuit in FIG. 2 uses current and
power control circuitry elements 202, 204, 206, 208 210,

212, 216, 218, 225, 226 similar to the respective elements 1n
FIG. 1.

At high power levels it 1s diflicult to find MOSFETs with

both suflicient SOA capability and low enough on-resistance
to serve as hot swap switches. High SOA capability 1s
strongly linked to the amount of die area 1n a MOSFET that
can dissipate the power. Most modern MOSFET production
focuses on reducing both die area and on-resistance, which

also reduces SOA capability. MOSFET processes with high
SOA generally have high on-resistance per unit die area.
Conversely, MOSFETS with low SOA tend to have low
on-resistance per unit arca. For high power applications,
achieving the necessary SOA 1n a single MOSFET 1s often
neither practical nor economical.

Using multiple MOSFETSs 1n parallel reduces the com-
bined on-resistance, but does not necessarily increase the
SOA. Parallel MOSFETs share current well when their
channels are fully emhanced because the MOSFET on-
resistance has a positive temperature coeflicient. However,
when limiting current parallel MOSFETs usually operate in
saturation with high drain to source voltages. They do not
share current well because their threshold voltages are not
matched and have a negative temperature coetlicient. This
allows the MOSFET with the lowest threshold voltage to
carry more current than the others. As this MOSFET heats
it tends to carry even more current as its threshold voltage
drops further. Thus, all of the load current may be carried by
a single MOSFFET. For this reason, when a group of parallel
MOSFETs operate to limit current, they can only be relied
on to have the SOA of a single MOSFET.

Not all loads can be turned off during startup and inrush.
A gate capacitor will limit inrush current to load capacitance.
However, 1t does not limit current flowing to a resistive load
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or resistive fault across the load. This additional current adds
to the stress imposed on the MOSFET switch and increases

the required SOA.

Therefore, 1t would be desirable to develop mrush current
control circuitry and methodology for controlling multiple
switches so as to overcome the above discussed disadvan-
tages.

SUMMARY

The present disclosure presents a novel system for sup-
plying power from an input node to a load coupled to an
output node.

In accordance with one aspect of the disclosure the system
includes first and second switches coupled between the input
node and the output node, a first limiting circuit configured
for controlling the first switch so as to limit an output of first
switch, and a second limiting circuit configured for control-
ling the second switch so as to limit an output of the second
switch. The second limiting circuit 1s configured to operate
independently of the first limiting circuit. For example, the
first limiting circuit may limit current though the first switch,
and the second limiting circuit may limit current through the
second switch. A logic circuit 1s provided to produce an
output signal 1n response to first and second status signals.
The first status signal indicates that the first limiting circuit
1s limiting the output of the first switch, and the second status
signal indicates that the second current limit circuit 1s
limiting the output of the second switch. The logic circuit
produces an output signal after receiving both the first status
signal and the second status signal.

A timer circuit responsive to the output signal of the logic
circuit may indicate a fault condition after expiration of a
delay period.

A first current sense element may be arranged for sensing
the current 1n the first switch, and a second current sense
clement may be provided for sensing the current in the
second switch.

The first limiting circuit may be responsive to the current
sensed by the first sense element, and the second limiting
circuit may be responsive to the current sensed by the second
sense element.

The system may also have an indicative circuit for pro-
ducing a path on signal indicating that a power path provided
between the mput node and the output node 1s turned on. The
indicative circuit may include a first detecting circuit for
detecting that the first switch 1s 1n an on state, and a second
detecting circuit for detecting that the second switch 1s 1n an
on state.

The indicative circuit may be configured for producing
the path on signal when either both the first and second
switches are in an on state, or when one of the first and
second switches 1s 1n an on state and a current limit circuit
associated with the other of the first and second switches 1s
in a current limit mode.

In an exemplary embodiment, the first switch may be
coupled between the input node and the output node, and the
second switch may be coupled 1n parallel to the first switch
between the mput node and the output node. The first and
second switches may be turned on or off at the same time.
Both the first and second switches may be turned ofl after
expiration of the delay period.

In accordance with another aspect of the disclosure, a
system for supplying power from an mmput node to a load
coupled to an output node may comprise first and second
switches coupled between the mmput node and the output
node, a first current limit circuit configured for controlling
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4

the first switch so as to limit current flowing through the first
switch to a first value, and a second current limit circuit
configured for controlling the second switch so as to limit a
current flowing through the second switch to a second value
greater than the first value.

The second switch may be maintained 1n an ofl state when
the first switch 1s turned on, and the second switch may be
turned on 1n response to a signal indicating that the first
switch 1s 1n an on state. The second switch may be config-
ured to provide a low resistance path for a load current
around the first switch.

A first current sense element may be provided for sensing
the current 1n the first switch, and a second current sense
clement may be provided for sensing the current in the
second switch. The sensitivity of the first current sense
clement may be greater than the sensitivity of the second
current sense element, where the current sense elements may
be sense resistors and the sensitivity may correspond to
clectrical resistance of the respective resistors. The first
current limit circuit may be responsive to the current sensed
by the first sense element, and the second current limit
circuit may be responsive to the current sensed by the second
sense element.

The system may further has a timer circuit including a first
timer configured to mitiate a first delay period in response to
a first status signal indicating that the first current limait
circuit begins operation in a current limit mode to limit the
current through the first switch, and a second timer config-
ured to 1mitiate a second delay period 1n response to a second
status signal indicating that the second current limit circuit
begins operation 1n a current limit mode to limait the current
through the second switch. The first delay period may be
longer than the second delay period. The timer circuit may
be configured to 1indicate a fault condition after expiration of
the first delay period or the second delay period.

The mdicative circuit may be configured to produce the
path on signal when the second switch 1s 1n an on state,
without detecting the state of the first switch.

In accordance with a further aspect of the disclosure, a
system for supplying power from an input node to a load
coupled to an output node comprises first and second
switches coupled between the input node and the output
node, where the first switch 1s configured to dissipate more
power than the second switch. A single limiting circuit may
be configured for controlling the first switch so as to limit an
output of the first switch, without regulating an output of the
second switch. For example, the single limiting circuit may
be configured for controlling the first switch so as to limit
current through the first switch when the second switch 1s
turned ofl.

The second switch may be maintained 1n an ofl state when
the first switch 1s turned on, and the second switch may be
turned on when the first switch 1s 1n an on state and a voltage
across the second switch 1s below a threshold level. The
second switch may be configured to provide a low resistance
path for a load current around the first switch. The second
switch may be turned ofl when a voltage across the second
switch exceeds a threshold level, a gate to source voltage of
the first switch falls below a threshold level, or the first
switch 1s turned off.

The mdicative circuit may be configured to produce the
path on signal when the first switch 1s in an on state, without
detecting the state of the second switch.

Additional advantages and aspects of the disclosure will
become readily apparent to those skilled 1n the art from the
tollowing detailed description, wherein embodiments of the
present disclosure are shown and described, simply by way
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of illustration of the best mode contemplated for practicing
the present disclosure. As will be described, the disclosure 1s
capable of other and different embodiments, and 1ts several
details are susceptible of modification 1n various obvious
respects, all without departing from the spirit of the disclo-
sure. Accordingly, the drawings and description are to be
regarded as illustrative in nature, and not as limitative.

BRIEF DESCRIPTION OF THE

DRAWINGS

The following detailed description of the embodiments of
the present disclosure can best be understood when read in
conjunction with the following drawings, in which the
features are not necessarily drawn to scale but rather are
drawn as to best illustrate the pertinent features, wherein:

FIGS. 1 and 2 1llustrate conventional hot swap controllers.

FIG. 3 1illustrates a first exemplary embodiment of a hot
swap controller in accordance with the present disclosure.

FIG. 4 1llustrates a second exemplary embodiment of a
hot swap controller in accordance with the present disclo-
sure.

FIG. 5 illustrates a third exemplary embodiment of a hot
swap controller 1n accordance with the present disclosure.

DETAILED DESCRIPTION

The present disclosure provides separate control circuits
for controlling multiple MOSFETs. Such control allows
multiple MOSFETs to be operated in parallel simultaneously
or started up in stages with time delays between the stages.
This allows the heating stress on the MOSFETS to be spread
across multiple MOSFETs either simultaneously, or sepa-
rated in time.

In accordance with the present disclosure, separate con-
trol circuits for each switch can spread the power dissipation
between the switches. The SOA capability of each switch 1s
used more ethiciently. Turning switches on at different times
allows different MOSFETs to be used during startup inrush,
input voltage step inrush, and when the load current 1s turned
on. MOSFFETs optimized for these different operating modes
can be less expensive than MOSFETSs required to handle all
operating modes.

The present disclosure will be made using specific
examples of hot-swap controllers presented 1n FIGS. 3, 4
and 5. However, the disclosure 1s applicable to any switch-
ing circuits for supplying power to a load.

FIG. 3 shows an exemplary embodiment of a hot-swap
controller with two MOSFETs 300 and 302 simultaneously
operating 1n parallel. Each MOSFET 300 and 302 is inde-
pendently controlled using the respective current sense
resistor 301 and 303, and the respective current limit ampli-
fier 304 and 305. The current sense resistor 301 1s coupled
between positive node SENSE+1 and negative node
SENSE-1 representmg the MOSFET 300, and the current
sense resistor 303 1s coupled between positive node
SENSE+2 and negative node SENSE-2 representing the
MOSFET 302. Each of the current limit amplifiers 304 and
305 controls the gate of the respective MOSFET 300 and
302 independently from the other amplifier so as to limait
current at the output of the MOSFETs 300 and 302 when the
current sensed in the respective resistors 301 and 303
exceeds the maximum current value defined by the VLIMIT
voltage provided by respective voltage sources 306 and 307.
Current sources 308 and 309 provide current to pull up the
gate voltage of the MOSFETs 300 and 302, respectively.
Transistors 310 and 311 are provided for turning on and off
the respective MOSFETs 300 and 302.
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Signals LIMITING 1 and LIMITING 2 respectively pro-
duced at status outputs of the current limit amplifiers 304
and 305 are supplied to respective mputs of an AND gate
313 that produces an output signal supplied to a timer 312
that sets a delay period for indicating an overcurrent fault
condition.

When limiting current, the independent gate control pro-
vided by the current limit amplifiers 304 and 3035 divides the
current and stress accurately between the MOSFETs 300 and
302 despite any mismatch in their threshold voltages or
temperatures. Thus, for a given load power, one can use two
smaller and less expensive MOSFETs. Board resistance,
amplifier offset and mismatch effects can cause one of the
current limit amplifiers 304 and 305 to limit current at a
lower level than the second current limit amplifier. Since the
MOSFET associated with the second current limit amplifier
remains fully on, keeping drain to source voltage (VDS) low
for both MOSFETs 300 and 302, neither MOSFET will
suller significant heating in this state. The combined imped-
ance of the switches 300 and 302 i1s still low and the load
may confinue operating.

Only when the load current increases to a point where
both MOSFETs 300 and 302 have begun limiting current,
the VDS and the dissipated power begin to 1increase, requir-
ing the MOSFETS to be shut off for protection. Due to the
AND gate 313, the timer 312 1s mtiated only when both
LIMITING 1 and LIMITING 2 signals are produced, 1.e.
when both of the current amplifiers 304 and 305 are oper-
ating to limit the current. When the delay period established
by the timer 312 expires, an overcurrent fault signal 1s

produced to indicate that both MOSFETs 300 and 302
should be turned OFF.

Further, the hot swap circuitry 1mn FIG. 3 may include a
circuit for producing a signal PATH_ON indicating that the
power path 1s on, so as to show that full current i1s available
to the load. This circuit includes threshold voltage sources
316, 317, hysteresis comparators 318, 319, AND gates 320,
321, 322 and an OR gate 323. The comparator 318 monitors
when the gate to source voltage of the MOSFET 300
exceeds a threshold voltage produced by a voltage source
316, and the comparator 319 indicates when the gate to
source voltage of the MOSFET 302 exceeds a threshold
voltage produced by a voltage source 317. Both threshold
voltages may be set well above the MOSFET threshold
voltage, for example, at 4.5 V.

One mput of the AND gate 320 receives the output signal
of the comparator 318, the other input of the AND gate 320
1s supplied with the LIMITING 2 signal. The AND gate 321
1s supplied with the output signals of the comparators 318
and 319. One 1mput of the AND gate 322 receives the output
signal of the comparator 319, whereas the other input of the
AND gate 322 1s supplied wr[h the LIMITING 1 signal. The
outputs of the AND gates 320, 321 and 322 are coupled to
respective mputs of the OR gate 323. As aresult, the OR gate
323 asserts the PATH_ON signal when either both MOS-
FETs are fully on, or if one of the MOSFETs 1s fully on
while the other MOSFET operates 1n a current limit mode.
The PATH_ON signal will be low it either of the MOSFETSs
300 and 302 1s turned ofl. Also, FIG. 3 shows a bypass
capacitor 326 provided at the load.

In applications where inrush current can be limited to low
levels, the parallel MOSFETs can be operated 1n stages, as
shown 1n FIG. 4 that presents an exemplary embodiment of
a hot-swap controller with parallel MOSFETS 400 and 402.
The MOSFET 400 may dissipate less power than the MOS-
FET 402. In particular, the MOSFET 400 operates as

startup MOSFET to bring up the load voltage and charge the
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load capacitance 426 while the load 1s held 1n a low current
state. This allows the MOSFET 400 to have a high on-
resistance, small current limit, and low SOA. Thus, the
MOSFET 400 can be small and inexpensive. As discussed
below, the MOSFET 402 operates as a shunt MOSFET
which 1s turned on only after the startup MOSFET 400 1s
tully turned on.

The hot swap controller 1n FIG. 4 includes current sense
resistors 401 and 403 and the respective current limit
amplifiers 404 and 305. The current sense resistor 401 1s
coupled between positive node SENSE+1 and negative node
SENSE-1 to allow measurement of the current through the
MOSFET 400, and the current sense resistor 403 1s coupled
between positive node SENSE+2 and negative node
SENSE-2 to allow measurement of the current through the
MOSFET 402. The current sense resistor 401 may have a
much higher resistance that the resistance of the current
sense resistor 403 so as to operate the MOSFET 400 at a
smaller current limit than the MOSFET 402.

The current limit amplifiers 404 and 405 control gates of
the respective MOSFET 400 and 402 so as to limit current
at the output of the MOSFETSs 400 and 402 when the current
sensed 1n the respective resistors 401 and 403 exceeds the
maximum current value defined by the respective VLIMIT
sources 406 and 407. Current sources 408 and 409 provide
current to pull up the gate voltage of the MOSFETs 400 and
402, respectively. Transistors 410 and 411 are controlled for
turning on and ofl the respective MOSFETs 400 and 402.

The circuit in FIG. 4 may also include timers 412 and 414,
an OR gate 413, an RS latch circuit 415, voltage sources 416
and 417, hysteresis comparators 418 and 419. A gate capaci-
tor 425 may be coupled between the gate of the MOSFET
425 and ground to obtain the low charging current. A bypass
load capacitor 426 may be coupled across the load.

Signals LIMITING 1 and LIMITING 2 respectively pro-
duced at status outputs of the current limit amplifiers 404
and 405 are supplied to timers 412 and 414. A delay period
defined by the timer 412 associated with the startup MOS-
FET 400 may be longer than the delay period of the timer
414 associated with the MOSFET 402.

After the startup MOSFET 400 has turned on completely,
the shunt MOSFET 402 1s turned on. The latch circuit 415
holds off the MOSFET 402 until the comparator 418 detects
that the MOSFET 400 1s on by determining that 1ts gate to
source voltage has exceeded a threshold voltage. The shunt
MOSFET 402 provides a low resistance path for the load
current around the MOSFET 400.

Because the shunt MOSFET 402 1s turned on when its
VDS 1s small, 1t does not need a large SOA. It may also
require a shorter delay period provided by the timer 414,
corresponding to 1ts smaller SOA. By applying power 1n
stages with two MOSFETS 400 and 402, the SOA require-
ments of both MOSFETs are reduced and the on-resistance
requirement of the MOSFET 400 can be larger. APATH_ON
signal indicating that the power path 1s on 1s produced by the
comparator 419 when the gate to source voltage of the shunt
MOSFET 402 has exceeded a threshold voltage, indicating
that the low resistance channel 1s fully on and capable of
supporting load current.

Some applications have loads that are always on, even
during startup, or are subject to input steps and output surges
that put additional stress on the hot-swap MOSFET. In such
cases, the parallel MOSFETs 1n a hot-swap controller can be
operated 1n stages as shown in FIG. 5 that presents an

exemplary embodiment of a hot-swap controller including
MOSFETS 500 and 502, a single sense resistor 301 shared

by both MOSFETs 500 and 502, and a single current limit
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amplifier 504 controlling the gate of the MOSFET 500 so as
to limit 1ts output current based on the voltage across the
sense resistor 501 and the VLIMIT voltage produced by a
voltage source 506. Current sources 508 and 509 provide
current to pull up the gate voltage of the MOSFETSs 500 and
502, respectively. Transistors 510 and 511 are controlled for
turning on and ofl the respective MOSFETs 500 and 502. A
timer 512 1s coupled to the current limit amplifier 504 for
detecting when 1t enters a current limit mode so as to assert
an overcurrent fault condition signal after a delay period set
by the timer 512 expires.

The hot-swap controller 1n FIG. 5 also includes a hyster-
es1s comparator 518 monitoring the gate to source voltage of
the MOSFET 500 with respect to a threshold voltage pro-
duced by a voltage source 516. The output of the comparator
518 producing the PATH_ON signal 1s coupled to an inverter
520 that supplies a GATE1_OFF signal to an input of an OR
gate 521. The output of the OR gate 521 produces a STRESS
signal supplied to an mput of an OR gate 522 that controls
the gate of the transistor 311. The other mnput of the OR gate
522 1s provided with an OFF/ON# signal that turns on and
ofl the MOSFET 500. A hysteresis comparator 324 monitors
the drain to source voltage of the MOSFETs 300 and 502
with respect to a threshold voltage produces by a voltage

source 523, and supplies an output signal to an input of the
OR gate 521 that produces the STRESS signal.

The MOSFET 500 operates as a stress MOSFET to charge
the load capacitance 526 and bring up the load voltage. It
provides the load current during transients with limited
durations such as startup and changes in mput voltage. The

MOSFET 500 has higher power dissipation than the MOS-
FET 502. The MOSFET 500 operates with both large current
and large VDS, and has a thh SOA rating. However, the
MOSFET 500 does not require low on-resistance because i1t
supports the load current only during limited duration tran-
sients. It may also require a long delay time provided by the
timer 512.

The MOSFET 502 operates as a shunt MOSFET to
provide a low resistance path for the load current around the
MOSFET 500 when conditions are stable and not changing.
The MOSFET 502 1s turned off by the signal STRESS to
protect 1t whenever the VDS exceeds the threshold voltage
provided by the voltage source 3523 or 1f the gate to source
voltage of the MOSFET 500 1s below the threshold voltage
provided by the voltage source 516, for example, when the
MOSFET 500 operates 1n a current limit mode. The thresh-
old voltage defined by the voltage source 523 may be set, for
example, at 200 mV, and the threshold voltage of the voltage
source 316 may be set, for example, at 4.5 V.

The MOSFET 502 is only turned on when the STRESS
signal 1s low, indicating that the MOSFET 500 1s fully turned
on and the VDS 1s below the threshold voltage defined by
the voltage source 523. Therefore, the MOSFET 502 can
have very low on-resistance. Because the MOSFET 502 1s
turned on with low VDS, 1t does not need a large SOA. The
MOSFET 502 never operates in saturation, so several par-
allel MOSFETs may be used instead of the MOSFET 502 to
achieve low on-resistance. The PATH_ON signal produced
by the comparator 528 i1s dernived from the on-state of the
stress MOSFET 500. Whenever the MOSFET 500 1s on, the
load 1s allowed to draw power.

Hence, the present disclosure makes i1t possible to
improve SOA performance of a hot-swap controller using
parallel MOSFETs that are separately controlled.

Gate to source voltage levels of MOSFETs may be used
as a condition to determine 1f a switch 1 the hot-swap
controller 1s on. Alternatively, drain to source voltage levels
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of MOSFFETs may be used as a condition to determine 1f a
switch 1 the hot-swap controller 1s on. Combinations of
switch on signals may be used for producing a PATH_ON
signal to 1ndicate 1f load current can be turned on.

Although two switch paths are shown in exemplary
embodiments in FIGS. 3-5, the configuration of the hot-
swap controller can be extended to more parallel switch
paths.

Also, a single MOSFET switch per path 1s shown 1n FIGS.
3-5. However, each of these paths may use multiple MOS-
FET switches 1n parallel.

In addition, although N-type MOSFET switches are
shown 1n the presented exemplary embodiments, the
switches may be implemented with other devices, such as
PMOS transistors, bipolar transistors, IGBTs or relays.

Further, the STRESS signal for the exemplary embodi-
ment 1 FIG. 5 may be generated by monitoring the gate to
source voltage, drain to source voltage, or detecting current
limit 1n the STRESS MOSFET, or shunt MOSFET tempera-
ture, alone or 1n combination.

The indication that a MOSFET 1s on can be dertved by
monitoring its gate to source voltage or 1ts drain to source
voltage, alone or in combination. Also, separate switch
control circuits presented 1 FIGS. 3, 4 and 5 may be used
for controlling switches arranged in series, rather than in
parallel, as shown 1n the exemplary embodiments.

The foregoing description 1llustrates and describes
aspects of the present invention. Additionally, the disclosure
shows and describes only preferred embodiments, but as
aforementioned, it 1s to be understood that the invention 1s
capable of use 1in various other combinations, modifications,
and environments and 1s capable of changes or modifications
within the scope of the inventive concept as expressed

herein, commensurate with the above teachuings, and/or the
skill or knowledge of the relevant art.

The embodiments described hereinabove are further
intended to explain best modes known of practicing the
invention and to enable others skilled 1n the art to utilize the
invention i1n such, or other, embodiments and with the
various modifications required by the particular applications
or uses of the invention. Accordingly, the description 1s not
intended to limait the invention to the form disclosed herein.

What 1s claimed 1s:

1. A system for limiting in-rush power to a load, the
system comprising:

a control circuit configured to, based on an amount of
power provided to the load by a first switch when the
first switch 1s turned on, adjust a first switch control
signal generated to control the first switch to limit the
power provided to the load by the first switch, the
control circuit configured to, responsive to a value of
the first switch control signal having exceeded a thresh-
old value, generate a second switch control signal to
initiate switching on a second switch to share at least a
portion of the power provided to the load by the first
switch;

wherein the control circuit 1s configured to adjust, respon-
s1ve to an amount of a portion of the power provided to
the load by the second switch, the second switch
control signal generated to control the second switch to
limit the portion of the power provided to the load by
the second switch mdependently of the first switch.

2. The system of claim 1, wherein the control circuit 1s
configured to adjust the first switch control signal based on
an amount of current tflowing through a load current path of
the first switch to the load, and the control circuit 1is
configured to adjust the second switch control signal based
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on an amount of current flowing through a load current path
of the second switch to the load.

3. The system of claim 2, wherein the first switch control
signal 1s a gate to source voltage associated with the first
switch and the second switch control signal 1s a gate to
source voltage associated with the second switch, and
wherein respective first and second amplifiers are configured
to recerve respective signals indicative of the respective load
currents tlowing through the respective load current paths,
the first amplifier providing the first switch control signal
and the second amplifier providing the second switch control
signal.

4. The system of claim 3, further comprising:

a comparator configured to compare the source voltage
associated with the first switch with a reference voltage
and to, based on comparing the source voltage associ-
ated with the first switch with the reference voltage,
generate a comparator signal indicative of whether the
first switch control signal exceeded the threshold value.

5. The system of claam 4, wherein the control circuit
COmprises:

a latch circuit configured receirve the comparator signal
and to generate a second switch control signal to hold
the second switch 1n an off state until the comparator
signal 1ndicates that the first switch 1s turned on based

on the first switch control signal exceeding the thresh-
old value.

6. The system of claim 1, wherein the control circuit 1s
configured to produce a first limiting signal when the power
provided to the load by the first switch 1s being limited, and
wherein the control circuit 1s configured to produce a second
limiting signal when the portion of power provided to the
load by the second switch 1s being limited, the system
turther comprising;:

a first timer configured to detect the first limiting signal
and to trigger an overcurrent fault signal on detecting
the first limiting signal for a first length of time; and

a second timer configured to detect the second limiting
signal and to trigger the overcurrent fault signal on
detecting the second limiting signal for a second length
of time, the first length of time being longer than the
second length of time.

7. A system for limiting in-rush power to a load, the

system comprising:

control circuit configured to, based on an amount of
power provided to the load by a first switch when the
first switch 1s turned on, adjust a first switch control
signal generated to control the first switch to limit the
power provided to the load by the first switch;

wherein the control circuit configured to generate a sec-
ond switch control signal to imitiate switching on of the
second switch, to share at least a portion of the power
provided to the load by the first switch, responsive to a
value of the first switch control signal having exceeded
the threshold value and an amount of power provided
to the load by the first switch and the second switch
being below a threshold amount of power.

8. A method for limiting inrush power to a load, the

method comprising:

adjusting, based on an amount of power provided to the
load by a first switch when the first switch 1s turned on,
a first switch control signal provided to the first switch
to limit the power provided to the load by the first
switch;

generating, responsive to a value of the first switch control
signal having exceeded a threshold value, a second
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switch control signal to control a second switch to share
at least a portion of the power provided to the load by
the first switch; and

adjusting, responsive to an amount of a portion of the

power provided to the load by the second switch, the
second switch control signal provided to the second
switch to limit the portion of the power provided to the
load by the second switch independently of the first
switch.

9. The method of claim 8, wherein adjusting the first
switch control signal based on the amount of power pro-
vided by the first switch comprises adjusting the first switch
control signal based on an amount of current flowing
through a load current path of the first switch to the load, and
wherein adjusting the second switch control signal based on
the amount of power provided by the second switch com-
prises adjusting the second switch control signal based on an
amount of current flowing through a load current path of the
second switch to the load.

10. The method of claim 9, wherein the first switch
control signal 1s a gate to source voltage associated with the
first switch and the second switch control signal is a gate to
source voltage associated with the second switch, the respec-
tive currents flowing through the respective load current
paths being measured across respective sense resistors along,
the respective load current paths by respective first and
second amplifiers, the first amplifier providing the first
switch control signal and the second amplifier providing the
second switch control signal.

11. The method of claim 10, further comprising:

comparing a source voltage of the first switch with a

reference voltage corresponding to the threshold value
and, based on comparing a source voltage of the first
switch with the reference voltage, generating a com-
parator signal indicative of whether the first switch
control signal exceeded the threshold value.

12. The method of claim 11, further comprising:

receiving the comparator signal; and

holding the second switch 1n an off state until the com-

parator signal indicates that the first switch 1s turned on
based on the first switch control signal exceeding the
threshold value.
13. The method of claim 8, further comprising:
producing a first limiting signal indicative that the power
provided to the load by the first switch 1s being limited;

producing a second limiting signal indicative that the
portion of power provided to the load by second switch
1s being limited; and

triggering an overcurrent fault signal responsive to at least

one of:

detecting the first limiting signal for a first length of
time; or

detecting the second limiting signal for a second length
of time;

wherein the first length of time 1s longer than the
second length of time.

14. A method for limiting in-rush power to a load, the
method comprising:

adjusting, based on an amount of power provided to the

load by a first switch when the first switch 1s turned on,
a 1irst switch control signal provided to the first switch
to limit the power provided to the load by the first
switch; and

generating a second switch control signal to control a

second switch, to share at least a portion of the power
provided to the load by the first switch, responsive to a
value of the first switch control signal having exceeded
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a threshold value and an amount of power provided to
the load by the first switch and the second switch being
below a threshold amount of power; and

imtiating switching off of the second switch using the
second switch control signal, responsive to the amount
of power provided to the load by the first switch and the
second switch being above the threshold amount of
power or the value of the first switch control signal
being below the threshold value.

15. A system for limiting in-rush power to a load, com-

prising:
a control circuit configured to, based on a first amount of
power provided to the load by a first switch when the
first switch 1s turned on, adjust a first switch control
signal generated to control the first switch to limit the
first amount of power provided to the load by the first
switch, the a control circuit configured to, based on a
second amount of power provided to the load by a
second switch, adjust a second switch control signal
generated to control a second switch to limait the second
amount of power provided to the load by the second
switch; and
wherein the control 1s configured to detect when the first
amount of power 1s being limited by the first switch and
the second amount of power 1s being limited by the
second switch, and to trigger an overcurrent fault signal
responsive to detecting that the first amount of power 1s
being limited by the first switch and the second amount
of power 1s being limited by the second switch.
16. The system of claim 15, wherein the control circuit 1s
configured to produce a first limiting signal when the power
provided to the load by the first switch 1s being limited, and
wherein the control circuit 1s configured to produce a second
limiting signal when the second amount of power provided
to the load by the second switch 1s being limited, and
wherein the control circuit comprises a timer circuit
configured to:
detect when the first limiting signal and the second
limiting signal are produced by the the control cir-
cuit:

initiate a timer responsive to detecting the first limiting
signal and the second limiting signal; and

trigger the overcurrent fault signal on an expiration of
a predetermined delay period as indicated by the
timer.

17. The system of claim 15, wherein the control circuit 1s
configured to, responsive to a value of the first switch
control signal having exceeded a threshold value, generate
the second switch control signal to initiate switching on the
second switch to share 1n providing power to the load.

18. The system of claim 17, wherein the control circuit 1s
further configured to:

generate the second switch control signal to initiate the
switching on of the second switch responsive to a value
of the first switch control signal having exceeded the
threshold value and the power provided to the load by
the first switch and the second switch being below a
threshold amount of power; and

generate the second switch control signal to 1nitiate the
switching ofl of the second switch responsive to the
power provided to the load by the first switch and the
second switch being above the threshold amount of
power or the value of the first switch control signal
being below the threshold value.

19. A method for limiting in-rush power to a load,

comprising;
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adjusting, based on a first amount of power provided to
the load by a first switch when the first switch 1s turned
on, a first switch control signal provided to the first
switch to limait the first amount of power provided to the
load by the first switch;

adjusting, based on a second amount of power provided to
the load by a second switch when the second switch 1s
turned on, a second switch control signal provided to
the second switch to limit the second amount of power
provided to the load by the second switch;

detecting when the first amount of power 1s being limited
by the first switch and the second amount of power 1s
being limited by the second switch; and

triggering an overcurrent fault signal responsive to detect-
ing that the first amount of power 1s being limited by
the first switch and the second amount of power 1is
being limited by the second switch.

20. The method of claim 19, further comprising:

initiating a timer responsive to detecting the first amount
of power 1s being limited by the first switch and the
second amount of power 1s being limited by the second
switch; and
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triggering the overcurrent fault signal on an expiration of
a predetermined delay period as indicated by the timer.

21. The method of claim 19, further comprising;

generating the second switch control to initiate, respon-
sive to a value of the first switch control signal having,
exceeded a threshold value, switching on of the second
switch to share the power provided to the load.

22. The method of claim 19, further comprising:

generating the second switch control a initiate a switching
on of the second switch responsive to a value of the first
switch control signal having exceeded a threshold value
and the power provided to the load by the first switch
and the second switch being below a threshold amount
of power; and

generating the second switch control to initiate the switch-
ing oif of the second switch responsive to the power
provided to the load by the first switch and the second
switch being above the threshold amount of power or

the value of the first switch control signal being below
the threshold value.
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